Complex chromosomal rearrangements are very rare events in the human population. According to our knowledge on the consequences of simple reciprocal translocations for male fertility, translocations involving three or more chromosomes are thought to lead to severe reproductive impairments in terms of meiotic disturbance or chromosomal imbalance of gametes. We report the case of a 48 year old man whose sperm count revealed either oligozoospermia (Ͻ10 3 spermatozoa/ml) or azoospermia. He was referred to the laboratory for in-vitro fertilization after intracytoplasmic sperm injection. Cytogenetic investigations showed a complex chromosomal rearrangement involving firstly a translocation between the short arm of chromosome 7 and the long arm of chromosome 13 and secondly a translocation between the short arm of the same chromosome 13 and the short arm of chromosome 9. Diagnosis was ascertained by fluorescence in-situ hybridization and staining of the nucleolar organizer regions. Theoretical study of the translocated chromosomes predicted a 'chain' configuration of the hexavalent at the pachytene stage of meiosis. In all, 32 modes of segregation were considered and only one resulted either in a normal or a balanced gamete karyotype. Genetic counselling and choice of appropriate artificial reproduction technique are discussed.
Introduction
Complex chromosomal rearrangements (CCRs) are defined as reciprocal exchanges between three or more chromosomes. They are rare events in human pathology and only~100 CCRs have been defined as constitutional findings (Batista et al., 1994) . According to our knowledge of the consequences of simple reciprocal translocations on male fertility, CCRs are thought to lead to severe reproductive impairments in terms of meiotic disturbance or chromosomal imbalance in gametes.
Spermatogenesis dysfunction in translocation carriers can now be bypassed by intracytoplasmic sperm injection (ICSI) but the question still remains as to whether or not a technique with such a very high genetic risk may be reasonably proposed for pregnancy. We report the case of a complex translocation, with four chromosomal breakpoints, in a man asking for assisted reproductive technology (ART) and we propose guidelines for genetic counselling.
Case report
The patient was a 48 year old man, referred in the laboratory for semen analysis. There was no history of infertility, miscarriages, hereditary diseases or malformations in his family. His wife was a 35 year old healthy woman and they were unrelated.
Spermograms revealed either severe oligospermia (Ͻ1000 spermatozoa/ml) or azoospermia. Biochemical semen parameters, plasma follicle stimulating hormone (FSH), luteinizing hormone (LH) and testosterone were normal. Cytogenetic investigations were performed on white blood cells using a high resolution technique after cell culture synchronization and BrdU incorporation; it revealed a CCR involving, firstly, a translocation between the short arm of chromosome 7 and the long arm of chromosome 13 and, secondly, a translocation involving the short arm of the same chromosome 13 and the short arm of chromosome 9 ( Figure  1 ). Cytogenetic diagnosis was ascertained by fluorescence insitu hybridization (FISH) using painting probes of chromosomes 7, 9 and 13 (Cambio Biosys) (Figure 1) . Staining of the nucleolar organizer regions (NORs), which are localized on the short arms of acrocentric chromosomes in humans (13, 14, 15, 21 and 22) , confirmed the translocation of the 13 NORs on the short arm of chromosome 9 (Figure 1) . Therefore, the patient's karyotype was apparently balanced: 46,XY, der (7) t(7;13) (p14;q21) der (9) t(9;13) (p11.2;p21) der (13) t(7; 13) (q14;q21) t (9;13) 9p11.2;p21). No familial cytogenetic investigation was performed.
Since the patient declined testicular biopsy, a theoretical meiotic study of the translocated chromosomes was carried out which it predicted a chain configuration of the hexavalent at the pachytene stage of meiosis (Figure 2 ). From this diagram, 64 different gamete karyotypes were considered, corresponding to 32 theoretical segregation modes (one 6:0 mode, six 5:1 modes, 15 4:2 modes and 10 3:3 modes). The lengths of trisomic or monosomic chromosomal segments, except the short arm of chromosome 13 whose imbalance has no phenotypic effect, were calculated in percentages of haploid autosomal length (HAL) according to data furnished by the Reci-Conseil Data Bank (Grenoble, France; O.Cohen, personal communication) (Figure 3 ). Only one 3:3 segregation mode was thought to give either a normal (chromosomes 7, 9, 13) or a balanced (der7, der9, der13) gamete karyotype. Among the 62 other expected unbalanced gamete karyotypes, 13 were considered to lead to potentially viable children according to the viability thresholds developed by Cohen et al. (1994) ( Table I) .
Considering these predictions, the patient received genetic counselling and the choice of artificial insemination with donor spermatozoa instead of ICSI was made.
Discussion
Precise identification of all the chromosomes involved in a CCR is the prerequisite to every appropriate genetic counselling. FISH is now widely used as an important adjunct to classical cytogenetics for the diagnosis of cryptic or CCR (Rosenberg et al., 1992; Batista et al., 1994) . In combination with high resolution techniques of chromosome banding, it represents an essential tool to determine if a complex abnormal karyotype is apparently balanced or not, especially in prenatal diagnosis (Mercier et al., 1996) . Using a combination of six different fluors for chromosome labelling, Speicher et al. (1996) have developed epifluorescence filter sets and computer software for the unequivocal discrimination of each human chromosome pair. Such a technique, named multiplex-FISH (M-FISH), could be used for the characterization of complex karyotypes, especially in tumour cells.
The introduction of ART, and particularly ICSI, represents a new departure in genetic counselling; indeed, men with severe oligozoospermia and even azoospermia, who were considered previously as definitely sterile, can now reproduce using ICSI. Because of the high frequency of chromosomal 7, der13, 9 Partial trisomy 9 0,75 ϩ 4:2 der 7, der13, 9, der 9 Trisomy 9 4,68 trisomy ϩ 4:2 7, 13, 9, der 9 Partial trisomy 9 3,93 trisomy ϩ 4:2 der 7, der13, 13, der 9 Trisomy 13 3,84 trisomy ϩ 4:2 der 7, 13, der13, 9 Trisomy 13 ϩ Partial trisomy 9 4,59 trisomy 4:2 7, der13, 13, der 9 Partial trisomy 7 ϩ Partial trisomy 13 2,84 trisomy 4:2 der 7, 9 Partial monosomy 7 ϩ Partial monosomy 13 2,84 monosomy 4:2 7, 13, der13, 9 Partial trisomy 7 ϩ Partial trisomy 9 Partial trisomy 13 3,59 trisomy HAL ϭ haploid autosomal length.
abnormalities found in this population, a number of questions arise concerning the genetic risk for their progeniture. The case that we report illustrates the well-known relationships between male infertility and chromosomal aberrations. The incidence of karyotype abnormalities in infertile men depends on several factors and particularly sperm numeration taken together with chromosome analysis. Indeed, oligozoospermia is defined as a sperm count of Ͻ20ϫ10 6 spermatozoa/ ml, but most clinicians and laboratory teams are in agreement with the fact that karyotyping must be proposed to men with Ͻ10ϫ10 6 spermatozoa/ml (Retief et al., 1984) , especially those with very low sperm counts who wish for ICSI (Baschat et al., 1996) . From a review of 10 different studies (Guichaoua et al., 1993) , the mean frequency of abnormal karyotypes in infertile men has been established as 5.3%, of which 1.5% are structural chromosomal aberrations. In a number of cases, Klinefelter syndrome can be suspected from physical examination but, except for sperm count and familial history of patients, neither seminal nor clinical characteristics may be of predictive value for structural chromosomal abnormalities (Pandiyan and Jequier, 1996) .
The close association between CCRs and male infertility is less well documented (Joseph and Thomas, 1982; Rodriguez et al., 1985; Saadallah and Hulten, 1985) , but a high prevalence of maternal origin has been observed in familial CCRs which is consistent with spermatogenetic failure in male CCR carriers (Kleczkowska et al., 1982) ; in a recent study of 30 cases of familial CCRs, Batista et al. (1994) reported only four families in which a complex translocation was transmitted through spermatogenesis. In our patient, parental karyotypes were not 849 performed but, on account of the lack of miscarriage, abnormal children or other infertile men in the proband's family, it can be assumed that this CCR is de novo.
The genetic risk to the progeniture of infertile men treated by ICSI has been the subject of recent debate (Persson et al., 1996) . An increased frequency of sex chromosome aneuploidy in children born after ICSI has been reported (Bonduelle et al., 1995) ; such an excess may represent a significant incidence of 46,XY/47,XXY mosaicism in fathers, even when a normal karyotype has been found in blood cells. Indeed, comparison by FISH of spermatozoa of nine oligoasthenoteratozoospermic patients with nine fertile donors has revealed a 10-fold increase in the extra sex chromosome rate in infertile group (Pang et al., 1995) . ICSI could also be responsible for an abnormal segregation of maternal chromosomes during second polar body extrusion leading to an aneuploid embryo (Rosenbusch and Sterzik, 1996) . In males carrying structural chromosomal aberrations, the genetic risk for offspring concerns unbalanced transmission of the rearrangement resulting in partial trisomy/ monosomy for the translocated chromosomal segments.
In reciprocal chromosomal translocations, study of meiotic segregation can be achieved using the technique of in-vitro human-hamster fertilization. For each patient, several hundred sperm karyotypes can be analysed by this method (Martin, 1988; Pellestor et al., 1989; Jenderny, 1992) . Results show that, whatever the translocation may be, all modes of segregation are found in gametes, even for translocations which give only one type of imbalance at term such as the well-known t(11;22) (q23;q21). The proportion of balanced (alternate segregation) and unbalanced (adjacent 1,2 and 3:1 segregations) sperm karyotypes is highly variable but, among unbalanced segregations, the prevalence of adjacent 1 mode is emphasized by many authors (Pellestor et al., 1989) .
Using human sperm injection in mouse oocytes, Lee et al. (1996) found a positive correlation between abnormal amorphous, round and elongated sperm heads and frequency of sperm structural chromosomal aberrations such as chromosome or chromatid breaks or gaps. Nevertheless, these anomalies might reflect technical artefacts in the sperm preparation or the inability of mouse oocytes to repair sperm DNA damage and none of them were found in somatic cells of patients. Therefore, even though not all spermatozoa with abnormal heads are chromosomally abnormal, the use of such spermatozoa in ICSI increases the risk of abnormal fertilization.
As zona-free hamster egg fertilization is a labour-and timeconsuming method, FISH has been proposed as an alternative technique for analysing meiotic segregation in male translocation carriers (Goldman and Hulten, 1993; Lu et al., 1994) . Using whole chromosome painting in combination with paracentromeric probes, FISH allows the study of frequency and distribution of chiasma at metaphase I and detailed analysis of the first meiotic segregation (Goldman and Hulten, 1993) . It has been emphasized that interstitial chiasmata, which are chromatid exchanges between the centromere and the translocation breakpoint, render alternate and adjacent 1 segregation products cytologically indistinguishable and could be an explanation to the prevalence of the adjacent 1 segregation mode in gametes.
In our case, azoospermia, at the time of the patient's examination, did not allow sperm cytogenetic analysis. Therefore, genetic counselling was given according to theoretical data concerning the risk of fetal unbalanced karyotypes. A number of methods have been developed for predicting segregation modes in reciprocal translocations: the 'pachytene diagram predictive method' (PDP method), established by Jalbert et al. (1980) , is based on the analysis of meiotic figures whereas the factorial discriminant analysis method (D method) takes into account specific information concerning the translocation and the carrier patient's characteristics (Cans et al., 1993a) . These methods are successful in predicting segregation modes in 66% of the data for the PDP method and in 80% of the data for the D method. Using a logistic regression model, Cans et al. (1993b) , proposed an accurate estimation of unbalanced offspring risk in reciprocal translocations: within the group of risk Ͻ5%, 97% of the individuals were correctly classified by this method.
Unfortunately, all these methods have been validated in translocations involving two chromosomes and informative data concerning frequency of segregation modes and unbalanced offspring risk in CCRs are not available. Therefore, in our case, only a theoretical prediction of chromosomal segregation in gametes was possible, which gave 64 different karyotypes. Viability thresholds of chromosomal imbalances have been estimated as 5% of haploid autosomal length for pure trisomies, 3% for pure monosomies though, in combination imbalances, no value exceeds both 3.6% trisomy and 0.6% monosomy (Cohen et al., 1994) . The resulting viability area has a step shape out of which every chromosomal imbalance 850 is considered as lethal. These values vary slightly with the segregation mode, the sex of the carrier parent and the genomic content of the unbalanced chromosomal segments.
According to these estimations, beside the unique 3:3 segregation mode resulting in a chromosomal normal or balanced karyotype in offspring, 13 different gamete karyotypes might result in the birth of an abnormal child or in medical abortion after prenatal diagnosis. The other segregation processes were thought to lead either to fertilization failure or to early zygote development arrest and miscarriage. Therefore, disregarding the ratio of the 64 different possible karyotypes in mature gametes which cannot be estimated in CCRs, there was very little chance for our patient to have normal progeny. Such an evaluation is quite different from the appreciation of genetic risk in couples where both parents carry a separate translocation: in these rare cases, a model has been developed which calculates the risk for live-born unbalanced offspring by adding individual risks for each translocation minus the product of these separate risks, leading to a mean value of 6% (Campbell et al., 1995) .
ICSI has been successfully used by Testart et al. (1996) in couples carrying either paternal or maternal simple chromosomal rearrangements; among seven fetuses obtained by this technique, five were carriers of a balanced karyotype and two of a normal karyotype. Because ART in azoospermic men sometimes requires several testicular biopsies to retrieve a few spermatozoa suitable for ICSI, such a procedure may be proposed to couples with low genetic offspring risk or to men carrying simple karyotype rearrangements where chromosomal segregation can be accurately estimated. In CCR carrier patients, a successful result of ICSI is unlikely and it seems unreasonable to consider this technique as a valuable way for treating their infertility.
